Background: Recently, chronic hepatitis E has been increasingly reported in organ transplant recipients in European countries. In Japan, the prevalence of hepatitis E virus (HEV) infection after transplantation remains unclear, so we conducted a nationwide cross-sectional study to clarify the prevalence of chronic HEV infection in Japanese liver transplant recipients. Methods: A total of 1893 liver transplant recipients in 17 university hospitals in Japan were examined for the presence of immunoglobulin G (IgG), IgM and IgA classes of anti-HEV antibodies, and HEV RNA in serum. Findings: The prevalence of anti-HEV IgG, IgM and IgA class antibodies was 2.9% (54/1893), 0.05% (1/1893) and 0% (0/1893), respectively. Of 1651 patients tested for HEV RNA, two patients (0.12%) were found to be positive and developed chronic infection after liver transplantation. In both cases, HEV RNA was also detected in one of the blood products transfused at the perioperative period. Analysis of the HEV genomes revealed that the HEV isolates obtained from the recipients and the transfused blood products were identical in both cases, indicating transfusion-transmitted HEV infection. Interpretation: The prevalence of HEV antibodies in liver transplant recipients was 2.9%, which is low compared with the healthy population in Japan and with organ transplant recipients in European countries; however, the present study found, for the first time, two Japanese patients with chronic HEV infection that was acquired via blood transfusion during or after liver transplantation.
Introduction
Hepatitis E is caused by infection with the hepatitis E virus (HEV), and HEV isolates that infect humans are currently categorized into four genotypes (1-4) (Okamoto, 2007) . Genotypes 1 and 2 are restricted to humans and mainly waterborne transmitted in developing countries. In contrast, genotypes 3 and 4 are known to undergo zoonotic transmission by consumption of uncooked or undercooked meat or viscera of reservoir mammals and autochthonous isolates cause sporadic infections in industrialized countries Tei et al., 2003) .
Acute hepatitis E varies in severity from inapparent to fulminant. Mortality has been reported to be between 1% and 4% in the general population but up to 25% in pregnant women (Datta et al., 1987) . HEV infection has traditionally been considered to be a transient and selflimiting disease requiring no specific therapy in immunocompetent individuals (Wedemeyer et al., 2012) . However, HEV infection may occasionally cause severe liver dysfunction, fulminant hepatitis, and liver failure in some patients with an underlying disease (Kamar et al., 2012; Suzuki et al., 2002) . Furthermore, HEV genotype 3 can lead to chronic hepatitis and liver cirrhosis in immunocompromised patients such as solid-organ transplant (SOT) recipients (Kamar et al., 2008) , patients with human immunodeficiency virus infection (Dalton et al., 2009) , and patients with hematologic cancers receiving chemotherapy (Ollier et al., 2009) . Various studies have investigated the presence of HEV infection in SOT recipients in European and American countries but not yet in Japan. We conducted the first nationwide survey to clarify the prevalence of HEV antibodies and the presence of liver transplant recipients with chronic HEV infection in Japan.
Methods

Study Subjects
From all the regions of Japan, 17 high-volume centers for liver transplantation participated in this study (from north to south): Hokkaido University Hospital in Hokkaido; Tohoku University Hospital in the Tohoku area; University of Tsukuba Hospital, University of Tokyo Hospital, Keio University Hospital and Juntendo University Hospital in the Kanto area; Shinshu University Hospital in the Chubu area; Kyoto University Hospital, Osaka University Hospital and Kobe University Hospital in the Kinki area; Okayama University Hospital and Hiroshima University Hospital in the Chugoku area; Ehime University Hospital and Tokushima University Hospital in the Shikoku area; and Kyushu University Hospital, Nagasaki University Hospital and Kumamoto University Hospital in the Kyushu area. The number of liver transplantations performed in these 17 centers accounts for approximately 75% of the total performed in Japan (The Japanese Liver Transplantation Society, 2014).
Between April 1, 2013 and December 31, 2014, blood samples were collected from 1893 recipients being followed up at the abovementioned 17 centers after liver transplantation. Anti-HEV antibodies were tested for in all 1893 samples. Within all the 1893 participants, 1651 patients who agreed to have HEV RNA testing, including all patients with detectable anti-HEV Ig (immunoglobulin) G class antibody, were also tested for the presence of HEV RNA in serum. The samples were stored at −80°C until testing. The clinical data of the patients, including medical history, medication profiles and laboratory test results, were retrieved from medical records. This study was approved by the institutional review board at every participating hospital and performed in accordance with the Declaration of Helsinki and ethical guidelines for clinical research. All the patients gave written informed consent to participate in this study.
Detection of Anti-HEV Antibodies and HEV RNA
To detect anti-HEV IgA, IgM and IgG class antibodies, in-house enzyme-linked immunosorbent assay (ELISA) was performed using purified recombinant ORF2 protein as described previously (Mizuo et al., 2002) . The optical density (OD) of each sample was read at 450 nm. The cut-off value used for anti-HEV IgA, IgM and IgG was 0.642, 0.440 and 0.175, respectively (Takahashi et al., 2005) . The samples with OD values for anti-HEV IgA, IgM, or IgG equal to or greater than the respective cut-off value were considered to be positive for each antibody. The specificity of ELISA was validated by absorption with the same recombinant ORF2 protein that was used as the antigen probe, as described previously (Takahashi et al., 2005) .
Total RNA was extracted from 100 μL of each serum or whole blood sample and subjected to nested reverse transcription-polymerase chain reaction (RT-PCR) for the detection of HEV RNA. A nested RT-PCR targeting the 137-nt ORF2/3 overlapping region was conducted for the screening of HEV RNA (Inoue et al., 2006) . This method represents a high sensitivity and is able to detect 1-3 copies of HEV RNA in 100 μL serum. For the samples detected positive by the ORF2/3-137 PCR, we performed an additional nested RT-PCR targeting the 457-nt ORF2 region to confirm the presence of HEV RNA and to assess the subgenotype, as described previously (Mizuo et al., 2002) . The HEV genotype/subgenotype was determined based on the phylogenetic analysis of the ORF2 sequence.
Quantitation of HEV RNA was performed by real-time detection RT-PCR as described previously (Takahashi et al., 2008) .
Results
Characteristics of the Subjects
A total of 1893 liver transplant recipients participated in this study; their demographic characteristics and laboratory data are presented in Table 1 . Median age was 57 years old and median time since liver transplantation to serum sampling was 81 months. At the time of blood sampling, the median values of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (T-Bil) and gamma-glutamyl transferase (γ-GT) were exclusively within normal limits. "Liver injury episode after transplantation" was defined as the presence of elevated liver enzymes acquiring the management with re-hospitalization, and 61.3% of the recipients were included.
Prevalence of Anti-HEV Antibodies and HEV RNA
All of the 1893 serum samples were subjected to ELISA for the detection of anti-HEV antibodies (Table 2) . Fifty-four patients (2.9%) were found to be positive for anti-HEV IgG class antibody. The age-and sexspecific prevalence of IgG class antibody in the recipients is shown in Fig. 1 . The prevalence was slightly higher among the males (3.3%) than among the females (2.4%), although not statistically significant, and generally increased with age. Only one patient with detectable IgG class antibody was also positive for IgM class antibody (0.05%), while none had detectable IgA class antibody. In this patient, who was positive for IgG and IgM antibodies, HEV RNA was also detectable as noted below.
Two of the 54 patients with anti-HEV IgG tested positive for HEV RNA, while none of the remaining 1597 patients without detectable IgG class antibody who agreed to have the HEV RNA testing were positive for HEV RNA. Overall, HEV RNA was found to be positive at the prevalence rate of 0.12% (2/1651) ( Table 2 ). The detailed clinical information and laboratory data at the time of diagnosis in these two HEV RNApositive patients are shown in Table 3 . Case 1 patient was a 60-yearold female living in the Kanto area who received liver transplantation for primary sclerosing cholangitis, while Case 2 patient was a 41-yearold male living in the Kyushu area who received liver transplantation for non-alcoholic steatohepatitis complicated with hepatocellular carcinoma. In these two patients, the duration from liver transplantation to blood sampling was lower than the 25 percentile (36 months), and the peripheral blood lymphocyte count was lower than the 25 percentile (1039 /μL). Whereas 71.8% and 35.9% of the patients negative for HEV RNA had been taking tacrolimus and corticosteroids respectively, both two positive patients had been taking tacrolimus and corticosteroids for immunosuppression. The HEV isolates were typed as genotype 3 in both patients (Table 3 ). The more detailed clinical courses of these two patients will be described elsewhere.
Elucidation of Possible Infectious Source and Route
To clarify whether these two HEV-viremic patients contracted HEV infection during or after liver transplantation and to investigate the possible infectious route of HEV in these patients, we retrospectively tested anti-HEV antibodies and HEV RNA in stored serum samples from each pair of patient and liver donor (Table 4) .
In Case 1 patient, anti-HEV IgG class antibody was weakly positive; representing past HEV infection, while HEV RNA was not detected in the pre-transplant serum. Anti-HEV IgG became high-titer positive (OD value: N 3.000) on the 255th postoperative day (POD) accompanied by high-titer HEV RNA (8.1 × 10 5 copies/mL), and HEV RNA was persistently positive on the 360th POD. In Case 2 patient, anti-HEV IgG and IgM antibodies and HEV RNA were negative in the pre-transplant serum. On the 81st POD, the positive conversion of IgG and IgM antibodies was detected accompanied by high-titer HEV RNA (1.3 × 10 6 copies/mL). HEV RNA was persistently positive on the 249th POD. These results suggested that both patients acquired their HEV infection during or after liver transplantation and developed chronic infection of HEV. In addition, retrospective and prospective investigation of their laboratory data and virological analysis revealed that these recipients had presented mild liver injury and HEV viremia for at least more than 6 months. Therefore, these two patients were finally diagnosed as having chronic hepatitis E. In both cases, HEV antibodies and HEV RNA were undetectable in the liver donors, excluding the possibility of de novo HEV infection from the transplanted liver. The two HEV-viremic patients had no history of eating raw or undercooked meat or shellfish after liver transplantation. During the perioperative period of liver transplantation, a total of 17 units of blood products (concentrated red blood cells, fresh frozen plasma or platelets) were transfused in Case 1 patient, and 26 units of blood products (concentrated red blood cells, fresh frozen plasma or platelets) transfused in Case 2 patient. Pilots of all the blood products transfused during the perioperative period had been stored in the Japanese Red Cross Society, and were also tested for the presence of HEV RNA. HEV RNA was detectable in one unit of the fresh frozen plasma transfused to Case 1 patient (the viral titer was not available) and one unit of the platelet preparation transfused to Case 2 patient (the viral titer was 1.8 × 10 4 copies/mL). Complete nucleotide sequence identity was obtained in the 412-nt sequence of ORF2 of each HEV isolate. As a result, in both cases, the HEV isolates detected from the recipient and the blood product were considered to be same, and the transfused blood products were determined to be the infectious source.
Discussion
HEV infection had not been considered responsible for chronic hepatitis until Kamar et al. reported the first case series of chronic hepatitis E in SOT recipients in 2008 (Kamar et al., 2008) . Subsequently, chronic infections of HEV in transplant recipients have been described in several studies (Haagsma et al., 2009; Legrand-Abravanel et al., 2010) . According to the latest review article in 2014, up to 50-60% of acute HEV infections can progress to chronic phase in SOT recipients and HEV infection can take rapid courses leading to liver cirrhosis in patients receiving immunosuppressants (Behrendt et al., 2014) . Despite the high prevalence of HEV in the SOT recipients in European countries, chronic hepatitis E in Asian countries has been rarely reported (Behrendt et al., 2014) .
By 2013, over 7000 liver transplants had been performed in Japan (The Japanese Liver Transplantation Society, 2014). The number of national notifications of acute hepatitis E has been increasing since anti-HEV IgA antibody measurement started to be covered by insurance in 2011 (The National Institute of Infectious Diseases. Infectious Diseases Weekly Report (IDWR), [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] , and the isolation of autochthonous HEV as a causative agent of acute hepatitis has increased. However, no nationwide survey of HEV infection in liver transplant recipients had been performed. So the present study is the first nationwide survey to investigate the prevalence of HEV infection in liver transplant recipients in Japan. This large multicenter severance clarified that the presence of HEV infection in liver transplant recipients is not frequent in Japan compared with in Western countries as described below. However, two cases of transfusion-transmitted hepatitis E were detected; therefore, recipients have low but certain risk of HEV infection by blood products.
Though more than 60% of the recipients had some kind of episode of liver injury, the values of liver enzymes, T-Bil and γ-GT were exclusively within normal limits at the time of sampling. These episodes of liver injury were most commonly due to the biliary complication or the Note: WBC, white blood cell; AST, aspartate aminotransferase; ALT, alanine aminotransferase; T-Bil, total bilirubin; γ-GT, gamma-glutamyl transferase. a Liver injury episode after transplantation was defined as the presence of elevated liver enzymes acquiring the management with re-hospitalization. recurrence of hepatitis B and C, and seemed unrelated to HEV infection. In addition, even in the ongoing HEV infection cases, liver dysfunction was not severe or within normal limit sometimes. These laboratory data fluctuates easily in liver transplant recipients and it should be difficult to suspect active HEV infection from the clinical features alone. In recent years, the prevalence and clinical courses of hepatitis E in transplant recipients were reported in European countries, North America and Iran (Legrand-Abravanel et al., 2010; Halac et al., 2012) . In a review by Zhou et al. (2013) , the overall prevalence of anti-HEV IgG class antibody in SOT recipients was 11.6% and 7.4% in liver transplant recipients. This review article included the results detected by several different ELISA kit, and different commercial serological measurements are known to indicate a variability of the prevalence rate (Kamar et al., 2012) . Khan et al. (2011) analyzed the sensitivity and specificity of four ELISA systems for HEV antibodies (Abbott, Cosmic, TGH and Wantai) and revealed that Wantai test had the highest sensitivity and specificity (100% and 100%, respectively) among them. In this report, Cosmic test using our ELISA system also showed high sensitivity and specificity (98.1% and 100%, respectively) following Wantai test. Although it is difficult to compare, of course, the prevalence of IgG antibody in our study (2.9%) was lower than these reviewed prevalence rates. This is due to the intrinsic lower prevalence of HEV in the general population in Japan compared with in European countries (Kamar et al., 2012; Takahashi et al., 2010a) . The prevalence in liver transplant recipients in Japan was also lower than 5.1% in Japanese blood donors whose age was 40-59 years old, and the male rate was 50% (Takeda et al., 2010) . We have reported the prevalence of healthy people (Takahashi et al., 2010a) , blood donors (Gotanda et al., 2007) , dialysis patients (Mitsui et al., 2004) in Japan using the same ELISA method in this study, and the prevalence of Japanese recipients is also lower than these previous results. The low prevalence in the recipients is not thought to arise from the sensitivity of the measurement but from the special characteristics of the patients in this study.
The conceivable causes of the lower prevalence in the transplant recipients are as follows: First, it is possible that the reduction of the anti-HEV antibody titers was induced by immunosuppressive drugs (Sester et al., 2008) . Second, avoiding consumption of raw or undercooked meat or shellfish after transplantation might reduce the chance of HEV infection, as normally seen in the general population. At 11 of the 17 institutions in this survey, the liver transplant recipients were prohibited from consuming raw or undercooked foods for at least 6 months after transplantation. Unfortunately, the serum samples before transplantation were not available from the majority of the studied patients, except for those from Case 1 and 2 patients with HEV viremia, and the prevalence of antibodies before and after transplantation could not be compared. However, on the basis of the assumption that half of acute HEV infections progress to chronic phase in transplant recipients (Behrendt et al., 2014) , the liver transplant patients in Japan had less opportunity to be infected. In the two of HEV infection cases, IgA antibodies were not detected throughout the following course. Although anti-HEV IgA antibody measurement is covered by insurance in Japan because of its high sensitivity and specificity (Takahashi et al., 2005) , HEV RNA detection seems to be the most suitable to detect the chronic infection in immunocompromised patients. The methods used in this study present a sufficient sensitivity and the low presence of ongoing HEV infection is likely to be true.
HEV infection is usually self-limiting in immunocompetent individuals and therefore specific therapies are not required in the majority of cases. However, it can lead to chronic hepatitis and liver cirrhosis in patients taking immunosuppressants after organ transplantation. Haagsma et al. (2009) reported two cases of liver transplantation in which chronic HEV infection developed gradually into graft cirrhosis and a second transplantation was needed. To prevent graft failure, persistent HEV infection in liver transplant recipients should not be overlooked and untreated. The first strategy for recipients with Fig. 1 . The age-and sex-specific prevalence of anti-HEV IgG class antibody in liver transplant recipients in Japan. The overall prevalence of anti-HEV IgG class antibody in liver transplant recipients was 2.9% (male, 3.3%; female, 2.4%). The prevalence generally increased with age.. n: the number of the recipients in each age group. persistent HEV infection is considered to be reduction of the immunosuppressants, the second strategy is considered to be anti-viral therapies (Kamar et al., 2011) . In our study, Case 1 patient had received anti-viral therapy and Case 2 had been followed up without any antiviral therapy or reduction of the immunosuppressants after the diagnosis. More detailed information about the clinical courses of these cases will be published in a short time.
A previous study on the risk factors in SOT recipients for developing chronic hepatitis after acute HEV infection revealed that the recipients who developed chronic hepatitis had significantly lower counts of leukocytes, total lymphocytes, platelets, and CD2, CD3, and CD4 lymphocytes than transient patients (Kamar et al., 2008) . In the present study, two cases with chronic infection were exposed to HEV in the early postoperative period and lower counts of lymphocytes in peripheral blood were observed. The reduced production of antibodies due to high dose immunosuppressants in the early postoperative period could contribute to the development of chronic infection even in a patient previously exposed to HEV. However, we cannot easily conclude from our results that these are the factors for risk of a chronic career after acute HEV infection, because we could neither detect any transient hepatitis patient nor compare the progress of acute and chronic infections.
HEV genotypes 3 and 4 usually cause sporadic infections, in industrialized countries most likely due to intake of contaminated food. HEV RNA has been detected in a variety of food products, especially in porcine livers (Colson et al., 2010) . However, HEV can also be transmitted via the transplanted organ itself or through blood transfusion. Schlosser et al. reported that HEV transmission via the infected donor liver lead to chronic infection and graft cirrhosis development after liver transplantation (Schlosser et al., 2012) . Several previous case reports suggested that HEV transmission by blood products is possible (Matsubayashi et al., 2004; Wedemeyer et al., 2012) . According to the newest epidemiology of autochthones hepatitis E virus infection in Japan, 11 patients of 43 asymptomatic hepatitis E cases were detected from blood donors (Kanayama et al., 2015) . In another report, 2% of HEV infections are ascribable to blood transfusion in Japan (Abe et al., 2006) . Recently, Hewitt et al. reported that 42% of the patients in England transfused with HEV-positive blood products had evidence of infection with HEV and immunocompromised patients, including organ transplant recipients, showed prolonged viral infection (Hewitt et al., 2014) . The two patients reported in our present study were the first cases with transfusion-transmitted chronic hepatitis E in liver transplant recipients in Japan, to the best of our knowledge. In addition, de novo HEV infection developed despite the presence of anti-HEV antibodies in Case 1. Takahashi et al. reported that the majority of HEV virions in serum possess lipids on their surfaces and inhibit neutralization by antibodies (Takahashi et al., 2010b) . In Japan, screening of donated blood for HEV has only been conducted in the Hokkaido area, where HEV infection is most prevalent (Takahashi et al., 2010a) . Patients receiving blood products include many immunocompromised individuals, so screening of blood donors for HEV in other areas in Japan is probably desirable: moreover, further investigations about HEV infection in other transplant recipients and immunosuppressed patients are required.
Conclusions
This study is the first multicenter survey for HEV infection in Asian liver transplant recipients and the presence of HEV infection is low in Japan; however, liver transplant recipients have a risk of transfusiontransmitted chronic hepatitis E. HEV infection should be considered as a differential diagnosis and molecular biological detection of HEV should be essential, when the recipient receives blood products and presents unknown liver injury.
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